Abstract One of the major ground water contaminants is fluoride; hence, numerous procedures for its removal are reported. In this study, adsorption of fluoride was investigated by lichen and its Ca-pretreated lichen biomass from aqueous solution. The entire study was done by batch adsorption mode. The operating parameters such as pH, adsorbent dose, stirring rate, contact time, particle size, initial fluoride solution, and temperature in such solution influence the degree of fluoride ions adsorption. The kinetics of the fluoride adsorption was calculated by pseudo-first order and pseudosecond order and intraparticle diffusion rate laws. The surface morphology was evaluated by scanning electron micrograph (SEM). In this biosorption study, results revealed that Ca-pretreated lichen showed higher removal at pH 6. The fluoride adsorption isotherms, D-R and Langmuir isotherms are well fitted for both the biomasses and pseudo-secondorder kinetic model showed high regression coefficient. The Langmuir adsorption capacity of lichen and Ca-pretreated lichen are 0.81 mg/g and 1.72 mg/g, respectively. The FTIR study showed active functional groups associated with biomass. Thermodynamic parameters such as Gibbs free energy (ΔG°), enthalpy (ΔH°), and entropy (ΔS°) change of sorption were also evaluated which indicated that the adsorption process was spontaneous, feasible, and exothermic in nature. The present findings suggest that lichen biomass may be used as an inexpensive and effective adsorbent.
Introduction
Fluorine is an extremely reactive and highly toxic gaseous element. The main natural source of inorganic fluorides in soil is the parent rock [1] . The fluoride occurs notably as Sellaite, fluorspar, CaF 2 ; Cryolite, Na 3 AlF 6 ; Fluorapatite, 3Ca 3 (PO4) 2 Ca(F,Cl 2 ), etc. Fluorides are released into the environment naturally through the weathering of minerals, in emissions from volcanoes, and in marine aerosols [2] . The industrial effluent and sewage discharge also contribute to increase the fluoride levels in aquatic systems [3] . In drinking water, high fluoride level has become a critical health hazard of this century as it induces intense impact on human health including skeletal and dental fluorosis [4] . The guideline value established by the World Health Organization (WHO) is 1.5 mg/L, but this is not a fixed value which will be intended to be adapted to take account of local conditions [5] .
Defluoridation of drinking water is the only practicable way to overcome the problem of excessive fluoride in drinking water. Traditional treatment method such as adsorption, ion exchange, precipitation, electro-dialysis, and reverse osmosis has been employed for fluoride removal from water [6] [7] [8] . Moreover, other methods, such as filtration, ultrafiltration, microfiltration, and active carbon are developed for efficient adsorption process, which are quite expensive [9, 10] . A large number of materials have been tested, such as activated silica gel, rice husk [11] , tea ash [12] , activated carbon [13] , calcite [14] , calcareous soil [15] , aluminum-impregnated potato plant ash [16] , Fe-Al-impregnated granular ceramic [4] , and calcium-impregnated coconut fiber [17] for the removal of fluoride. A lichen is a composite organism that arises from algae or cyanobacteria (or both) living among filaments of a fungus in a symbiotic relationship. Lichens occur from sea level to high alpine elevations, in a very wide range of environmental conditions, and can grow on almost any surface. Lichens are abundant growing on bark, leaves, mosses, on other lichens, and hanging from branches Bliving on thin air( epiphytes) in rain forests and in temperate woodland. It is estimated that 6 % of Earth's land surface is covered by lichen.
In the present study, an attempt has been made to develop an inexpensive natural adsorbent system for the removal of fluoride from aqueous solution using lichen biomass. Being negatively charged, surface lichen cannot absorb sufficient anions. However, fluoride can be removed by using a technique to pretreated surface with Ca 2+ [18] . In view of this, in the proposed study, Lichen biomass were used to pretreated with cations and find if fluoride removal may be affected using this technique. This is the comparative study between lichen and Ca-pretreated lichen to find out the best removal efficiency of fluoride. The whole experiments were conducted in batch mode. Several factors affecting the removal process have been studied. The application of adsorption isotherms and the kinetics study determined controlling factors in the adsorption process and finally thermodynamics study, FTIR and SEM study have also been conducted.
Materials and Methods

Adsorbent Preparation
Nature of Lichen
A lichen is a composite organism that arises from algae or cyanobacteria (or both) living among filaments of a fungus in a symbiotic relationship. The combined life form has properties that are very different from the properties of its component organisms. The studied lichen is crustose type microlichen. Crustose lichens form a crust that strongly adheres to the substrate (soil, rock, tree bark, etc.), making separation from the substrate impossible without destruction. The basic structure of crustose lichens consists of a cortex layer, an algal layer, and a medulla. The upper cortex layer is differentiated and is usually pigmented. The algal layer lies beneath the cortex. The medulla fastens the lichen to the substrate and is made up of fungal hyphae. The surface of crustose lichens is characterized by branching cracks that periodically close in response to climatic variations such as alternate wetting and drying regimes. The scientific classification of the lichen are Kingdom: Fungi; Division: Ascomycota; Class: Leca noromycetes; Order: Lecanorales.
Preparation of Lichen Biomass
Lichen (microlichen) was collected from the Golapbag campus of the University of Burdwan (23d15'20.10″ N; 87d50'50.70″ E). Then the sample was washed with distilled water after collection from the bark of tree and allowed to dry within the incubator at 37°C for 24 h. The dried biomass was finally grinded by using mixer grinder and sieved through three different standard sieves to obtain particle size of 50, 100, and 150 μm. The powdered form of biomass is stored into three different sterile containers and kept into desiccators for further experiment.
Preparation of Ca-Pretreated Lichen Biomass
A 0.5 g of dried biomass was suspended in a beaker containing 100 mL of aqueous CaCl 2 solution in the concentration of 100 mg/L and mixed well for 30 min on a stirring machine. After that, Ca-pretreated biomass was collected by filtration with Whatman-42 filter paper and allowed to dry in room temperature [19] . The dried biomass was finally grinded by using mixer grinder and sieved through three different standard sieves to obtain particle size of 50, 100, and 150 μm. Finally, the dried biomass stored into the air-tight container and kept into desiccators for further experiment. 
Preparation of Test Solution
A 100 ppm of stock solution was prepared by dissolving 0.221 g NaF with distilled water. The entire experimental reagent is AR grade. Intermediate solution was prepared from stock solution (100 ppm) through appropriate dilution by using double distilled water.
Instruments and Apparatus
The scanning electron microscopy (SEM) is helpful to understand the surface morphology of the adsorbent. In this study, images were recorded by using SEM pH ZPC of the lichen and Ca-pretreated lichen was determined by the solid addition method [20] . Two separate sets (one set for lichen and another for Ca-pretreated lichen) of 50 mL of 0.1 M KNO 3 solution were transferred into a series of 100 mL conical flasks. The pH of the KNO 3 solution was adjusted by using 0.05 (N) HNO 3 and 0.1 N KOH solutions. After following the standard method [20] , pH of the final solutions was measured. The change in the pH affects the adsorptive process through dissociation of functional groups as the active sites on the surface of the adsorbent [21] . This subsequently leads to a shift in the reaction kinetics and the equilibrium characteristics of the adsorption process [20] . 
where C i is the initial fluoride concentration (mg L 
All adsorption experiments were performed in triplicate, and the mean values were used in data analysis. Control experiments, performed without the addition of adsorbent, confirmed that the sorption of fluoride on the walls of Erlenmeyer flasks was negligible.
Adsorption Isotherms
The analysis of data by adsorption isotherms is very important to design of an adsorbent and for calculating the adsorption efficiency of the adsorbent systems. In this study, Langmuir, Freundlich, D-R and Tempkin adsorption isotherm models are analyzed and mathematical expressions of these models are given in Table 1 .
Adsorption Kinetics
The rate of fluoride adsorption on fluoride was determined by studying the adsorption kinetics at fixed initial a b concentration with different time interval and fixed adsorbent dose. The kinetics of fluoride adsorption can be assessed by pseudo-first-order, pseudo-second-order kinetics, and intraparticle diffusion model and mathematical expressions of these models are given in Table 2 .
Activation Energy and Thermodynamic Parameters
The activation energy E a for fluoride adsorption onto lichen was calculated by the Arrhenius Eq. (3):
where k is the rate constant, A is the Arrhenius constant, E a is the activation energy (kJ mol −1 ), R is the gas constant (8.314 Jmol
, and T is the temperature (K). E a can be determined from the slope of a plot of lnk versus 1/T. Thermodynamic behavior of adsorption of fluoride on lichen was evaluated by the thermodynamic parameters-Gibbs free energy change (ΔG°), enthalpy (ΔH°), and entropy (ΔS°). These parameters were calculated using the following equations (3-6):
where K C is the distribution coefficient for adsorption, C a is the equilibrium fluoride concentration on the adsorbent (mg L −1 ), and C e is the equilibrium fluoride concentration in solution (mg L −1 ). A plot of ΔG°ver-sus temperature, T will be linear with the slope and intercept giving the values of ΔH°and ΔS°. 
Results and Discussion
Adsorbent Characterization
The adsorbent characteristics of lichen and Ca-pretreated lichen are presented in Table 3 . The adsorbents along with their Ca-pretreated mass are used for removal of fluoride. The study of surface characteristics of an adsorbent is an important property which makes it suitable for defluoridation.
pH ZPC of Lichen and Ca-Pretreated Lichen
The point of zero charge determines the linear range of pH sensitivity and then indicates the type of surface active centers and the adsorption ability of the surface [27] . The zero point charge of lichen ( Fig. 1a) and Ca-pretreated lichen (Fig. 1b) was measured by solid addition method [20] . The interaction between the surface component of the adsorbent and the fluoride is solely depends on the active functional groups present on the surface of the adsorbent [21] . Table 3 shows that the pH ZPC of lichen and Ca-pretreated lichen are 6.6 and 6.5, respectively.
Scanning Electron Microscopy of Lichen
The scanning electron micrograph studies (SEM) of lichen, before and after passing fluoride solution, are given at 1000 magnification in Fig. 2a, b . From the area of SEM study, it is clear that there is a huge porous, rough, irregular surface along with morphology of adsorbent before fluoride loading in lichen, but Ca-pretreated lichen does not show such diffused area. Again, after fluoride adsorption, both lichen and Capretreated lichen showed cloudy-like structure (Fig. 3a, b) .
FTIR Analysis
FTIR spectroscopy was used to determine the participating functional groups of lichen and Ca-pretreated lichen biomass in fluoride biosorption (Figs. 4a and 5a). IR study clearly revealed that lichen has characteristics stretching frequency at 3271, 3188, 2916, 1614, 1313, 1251 cm −1 and 975 which corresponds the functional groups such as -OH, =C-H, −CHO, −C=O, and -CN, respectively, in raw lichen (Fig. 4a) . However, after adsorption of fluoride, lichen surface functional groups grossly shifted to 3325, 2916, 1616, 1315, 1031, and 518 cm −1 (Fig. 4b) (Fig. 4c) . Therefore, it is clear that majority of the surface functional groups actively involved in the fluoride adsorption process. However, in case of fluoride-loaded lichen, it showed almost unchanged IR (Fig. 4b) . These results indicate the carboxyl (−COOH) and hydroxyl (−OH) groups of the biomass to be mainly involved in the biosorption of fluoride. The FTIR results obtained in the current study were similar to the data reported in the previous studies [28, 29] .
Effect of pH
The pH of an aqueous solution is an important monitoring parameter in fluoride solution, as it affects the surface charged of the adsorbent material [30] . The pH zpc values of adsorbent also support the present findings. It influences the adsorption process by affecting the surface charge of adsorbent, the degree of ionization, and speciation of the adsorbate [31] . It is directly related with competition ability of H + ions with adsorbate ions to active sites on the adsorbent surface [32] . Thus, the effect of pH on the removal efficiency of fluoride was studied at different pH ranging from 2.0 to 10.0 (Fig. 4c) . It was observed that maximum removal (80.1 %) of fluoride at pH 8 shows saturation in nature for lichen. But for Capretreated lichen, it shows maximum removal (78.3 %) at pH 6 (Fig. 4d) . Present results are very consistent with our earlier report [19] where we showed that maximum 65.06 % of fluoride was removed by Aspergillus at pH 10 and 91.96 % removal was recorded for Ca-pretreated Aspergillus at pH 8. The maximum fluoride removal at pH 6 is probably due to electrostatic attraction between calcium and fluoride [4, 33] . Almost similar result was reported by Bhaumik and Mondal [21] for their earlier paper where they recorded that Ca-pretreated coconut fiber dust (CFD) can remove high level of fluoride at pH 6. They also suggested that fluoride ions are more attached to the surface of CFD-3 due to being chemically treated with Ca 2+ solution (extracted from the eggshell) [34] . At higher pH, the adsorption of fluoride is gradually decreased due to higher accumulation of hydroxyl ions on the surface of the adsorbent [34, 35] .
The Effect of Adsorbent Dose (g/100 mL)
The amount of adsorbent (lichen) was taken in the range of 0.1 g to 0.8 g/100 mL. The maximum percentage of removal was recorded 79.3 % at 0.1 g/100 mL adsorbent dose (Fig. 6a) . But reverse picture was recorded in case of Ca-pretreated lichen, and the percentage of fluoride removal increased with increasing the adsorbent dose. Such a trend is mostly attributed to an increase in their sorption surface area and availability of more active adsorption sites, and the maximum removal (98.55 %) was achieved at 0.6 g/100 mL (Fig. 6b ) [36] . The adsorbent dose for lichen does not show any linearity towards removal efficiency of fluoride. Probably the cell envelopes does not support the negative ion fluoride because it carry negative charges from their surface [37] . However, in case of Ca-pretreated lichen, fluoride removal strongly depends on adsorption dose. The changes in the extent of removal might be due to the fact that initially all adsorbent sites were vacant and the solid concentration gradient was high. Later, the fluoride uptake by adsorbent decreases with the number of adsorption site [38] . The extent decrease of adsorption, particularly towards the end of experiment, indicates the possible monolayer of fluoride ions on the outer surface. Adsorption basically depends on the particle size, the smaller the particle size, the greater the surface area and the greater the adsorption capacity per unit mass of adsorbent [21] . The rate of adsorption is a function of the initial concentration of the adsorbate, which makes it an important factor to be considered for effective adsorption [21] . The Ca-pretreated lichen also showed higher percentage of removal with increasing adsorbent dose. Increase in the removal efficiency with simultaneous increasing adsorbent dose is due to the increase in surface area and hence more active sites were available for the adsorption of fluoride [34, 39] . Moreover, results also suggest that with increasing adsorbent dose, q e value gradually decreases for both lichen and Ca-pretreated lichen. Therefore, the higher q e value at lower adsorbent dose is probably due to faster saturation of adsorption sites [4] .
The Effect of Stirring Rate (rpm)
Studies on the effect of stirring rate were conducted by varying speeds from 150 to 350 rpm at optimum pH for lichen is 8 and Ca-pretreated lichen is 6 with adsorbent dose 0.1 g (Fig. 7a ) and 0.6 g, respectively (Fig. 7b) . The study result revealed that the removal of fluoride was decreased with increasing stirring rate from 250 to 350 rpm for lichen (Fig. 7a) . The maximum 79.3 % removal was recorded for lichen at 250 rpm (Fig. 7a) and Ca-pretreated lichen (96.44 %) at 350 rpm (Fig. 7b) . The removal of fluoride increased with increasing agitation speed is probably due to film diffusion or pore diffusion which again depends on the amount of agitation in the system [29] . If relatively little agitation occurs between the particles and fluid, the surface film of liquid around the particle will be thick and film diffusion will likely be the rate-limiting step. Pertinent literature [40] also highlighted that the mass transfer rate increases with increase in stirring rate. They also suggested that the boundary layer thickness decreases with increased stirring speed which results in a reduction in surface film resistance.
The Effect of Contact Time (min)
The effect of contact time on adsorption of fluoride was also investigated. Research indicates [27] that contact time is a valuable operating parameter which directly affect on the biosorption capacity of the adsorbent. In this study, results indicate that fluoride removal increased with increasing contact time for both lichen and Ca-pretreated lichen (Fig. 8a b) . Initially, there may have active binding sites for both the adsorbents (lichen and Ca-pretreated lichen), and consequently large amount of fluoride ions was bound rapidly onto the adsorption [41] . However, after 120 min, it approaches a constant value denoting attainment of equilibrium.
The Effect on Particle Size (μm)
Adsorption is surface phenomenon and the extent of adsorption is expected to be proportional to the surface area available for adsorption [21] . In the present work, the effect of particle size was investigated by using average particle size (50, 100, and 150 μm) under identical condition of initial concentration of both lichen and Ca-pretreated lichen are 35 ppm and adsorbent dose 0.1 g/100 mL for lichen and 0.6 g/100 mL for Capretreated lichen. The variation of the particle size on fluoride removal was initially less but maximum removal was recorded by particle size 100 μm (78.9 %) (Fig. 9a) . Again, the percentage of removal decreases at 150 μm. But Capretreated lichen showed increasing tendency of fluoride removal with increasing particle size after 100 μm (Fig. 9b ). 
The Effect of Initial Concentration (mg/L)
The effect of different initial concentration of fluoride on to lichen and Ca-pretreated lichen is presented in Fig. 10a , b. The percentage removal of fluoride increased with increasing initial fluoride concentration and showed equilibrium after reaching maximum. This can be attributed that all adsorbent have a limited number of active sites, which become saturated at a certain concentration. Moreover, for fixed adsorbent dose, the total available adsorption sites were limited, which become saturated at higher concentration [34] . The adsorbents lichen and Ca-pretreated lichen showed 94.50 and 97.83 % fluoride removal, respectively (Fig. 10a, b) . The results also indicate that the adsorption capacity of lichen and Ca-pretreated lichen are 4.34 and 6.21 mg/g, respectively.
The Effect of Temperature (°C)
Temperature is one of the most important variables for adsorption process. Increasing temperature modifies the equilibrium capacity of the adsorption of particular adsorbent. Therefore, the effect of temperature on fluoride adsorption by lichen and Ca-pretreated lichen was investigated ( Fig. 11, b) . As seen from the figure, the percentage removal of fluoride decreases with increasing temperature for both the adsorbents. Probably due to increasing temperature, the interaction force between solute and sorbent decreases and as a result, the solute was difficult to be adsorbed [42] . Moreover, at higher temperature, the thickness of the boundary layer decreases due to increased tendency of the molecules to escape from the adsorbent surface to the solution phase [27, 43] . 
Adsorption Isotherm Study
The Langmuir, Freundlich, D-R, and Tempkin isotherm models are commonly used for waste water treatment application. For the adsorbent, the parameter and correlation coefficient obtained from the plots of Langmuir (1/q e vs. 1/c e ), Freundlich (logq e vs. log c e ), D-R (lnq e vs. ε 2 ), and Tempkin (lnc e vs. qe) are listed in Table 4 . From Table 4 , it has been found that Langmuir, Freundlich, and D-R isotherm models were excellent fitted to the experimental data with high correlation coefficient at lower temperature (313 K) except Tempkin isotherm that is fitted at higher temperature (353 K) use for lichen. The calculated isotherm parameters along with correlation coefficients are given in Table 4 . The magnitude of the Langmuir constant Bb^has small values (0.081-1.643 L/mg), which indicates a low heat of adsorption. In order to distinguish between physical and chemical sorption on the heterogeneous surface, the equilibrium were tested with D-R isotherm model [36] . The correlation coefficient was found comparatively much higher than Freunlich and Langmuir isotherms ( Table 4 ). The constant β gives an idea about the mean free energy E (kJ/mol) of adsorption per mol of the adsorbate when it is transferred to the surface of the solute from infinity in the solution and can be calculated using the following relationship Eq. (7) [44] :
The value of this parameter can be given information about the type of adsorption mechanism. If the magnitude of E is between 8 and 16 KJ/mol, the sorption process is supposed to precede viz. chemisorptions, while for values of E less than 8 KJ/mol, the sorption process is of physical in nature [44] . Similar isotherm was also used for Ca-pretreated lichen ( Table 5 ). The results revealed that D-R and Tempkin isotherms were best fitted with higher goodness of fit at all studied temperature (313-373 K). But Langmuir and Freundlich isotherms do not show good fitness in lower temperature, which indicates that the adsorption process on Ca-pretreated lichen is neither monolayer nor multilayer adsorption. The Langmuir constant b has small values, which indicates a low heat of adsorption. From the Freundlich isotherm, the Bnv alue increased with the increasing the temperature, which indicates the most favorable adsorption at high temperature. The R 2 value of D-R and Tempkin equation showed that the steady decrease with increase in temperature. Again from D-R isotherm, E value calculated from the constant β less than 8 KJ/mol; therefore, it can be suggested that adsorption process is purely physical adsorption (Table 5 ) [45] .
Analysis of equilibrium data is important for developing an equation that can be used to compare different materials under different operational condition and to design and optimized an operating procedure [46] . From the Freundlich isotherm, the n value increased with the increasing the temperature, which indicates the increase of bond strength between adsorbate and adsorbent and it also indicates the adsorbent surface to be of heterogeneous [47] . On the other hand, the magnitude of E less than 8 KJ/mol for all studied temperature indicating that adsorption mechanism of fluoride on lichen was physical in nature [48] . The Tempkin isotherm showed correlation coefficient value at high (0.974) at temperature 353 K but lower (0.951) at 333 K that means it indicates the linear dependence of the heat of adsorption of fluoride on lichen. The linearity may be due to repulsion between adsorbate species and two intrinsic surfaces heterogeneity. Similar phenomenon has been observed by Sinha et al. [49] .
Adsorption Kinetics Study
Pseudo-first-order, pseudo-second-order, and intraparticle diffusion model were used to fit the experimental data for fluoride adsorption to determine the adsorption mechanism and potential rate controlling steps. The results revealed that pseudo-first-order equation did not provide an accurate fit to 
) Langmuir isotherm
Freundlich isotherm the experimental data for both the adsorbents. The first-order rate constant K 1 and the correlation coefficient R 2 and the theoretical and experiment equilibrium adsorption capacity was given in Tables 6 and 7 . The log (q e − q t ) vs. t were linear with R 2 varying from 0.3569-0.6907 for lichen and 0.246-0.568 for Ca-pretreated biomass; however, the theoretical and experimental equilibrium adsorption capacity, q e obtained from the plots varied widely. Suggesting that pseudo-firstorder model was not appropriate for describing the adsorption kinetic of fluoride onto lichen and Ca-pretreated lichen. Further, the kinetic data was fitted to the pseudo-secondorder equation, the plot of t/q t vs. t at different temperature shown in Tables 6 and 7 . Contrary to the pseudo-first order, the fitting of the kinetic data in the pseudo-second-order equation showed excellent linearity with high correlation coefficient over the temperature ranges from 313 to 373 K [36] . The data obtained from the pseudo-second-order kinetic model at the four different temperatures is tabulated in Tables 6 and 7. The Weber and Morris plots for the adsorption of fluoride on lichen and Ca-pretreated lichen at different temperature were multimodal with three distinct regions (figure not shown). The initial curve region corresponds to the external surface uptake, the second stage relates the gradual uptake reflecting intraparticle diffusion as the rate limiting state, and final plateau region indicates equilibrium uptake. From the structural pattern of two adsorbents, it is clear that none of the figure showed the line passing through the origin. Therefore, it may be concluded that the kinetics of both the adsorbents may be controlled by other suitable factor other than intraparticle diffusion model.
Activation Energy and Thermodynamics Study
From the pseudo-second-order rate constant k 2 (Tables 6  and 7) , the activation energy E a for the adsorption of fluoride on both lichen and Ca-pretreated biomass was The results indicate that adsorption rate decrease with increasing temperature for both lichen and Ca-pretreated lichen indicating the process is exothermic in nature. This may also be the result of decrease disruption by an increase in thermal energy of the adsorbent. In order to study the feasibility of the process using bioadsorbent for fluoride removal, thermodynamic parameter, free energy (ΔG 0 ) of the process is calculated from the equilibrium constant value (K c ) (18) . The negative values of ΔG 0 at all temperature indicate the feasibility of the processes and the spontaneous nature of fluoride adsorption on these bioadsorbent (Tables 8 and 9 ). The increment of the value of ΔG 0 with increasing temperature suggests that the adsorption is favorable at lower temperature. From the negative value of ΔH 0 for all the adsorbent, it can be suggested that the adsorption phenomenon is exothermic in nature. The negative values of ΔS 0 suggest that the process is enthalpy driven [50] .
Regeneration of Adsorbent
So far, as waste water purification is concern, adsorption technology is one of the most economical processes when exhausted adsorbent is regenerable [50] . Regeneration of adsorbent helps to reduce environmental contamination from the 
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pH L ic h a n e C a -p re tre a te d lic h a n e Fig. 12 Regeneration of exhausted lichen and Capretreated lichen at different pH discarded adsorbents. In this study, the desorption was carried out with 1 and 6 g/L fluoride adsorbed by lichen and Capretreated lichen, respectively, at varying pH by using 0.1 M NaOH. Figure 12a , b shows that up to pH 7.5 and 8.5 for lichen and Ca-pretreated lichen, respectively, showed no leaching of fluoride. However, desorption of fluoride occur better at pH greater than 7.5 and 8.5 and reached maximum 92.7 and 96.5 % at pH 12 for lichen and Ca-pretreated lichen, respectively (Fig. 12a, b) . At higher pH, regeneration of adsorbent is high due to excess OH-accumulation on fluorideloaded lichen and Ca-pretreated lichen [50] . Almost similar regeneration of adsorbent was reported by Bhaumik and Mondal [34] .
Comparative Adsorption Capacity
The adsorption capacity of the other published literature clearly demonstrate that the present adsorbent, Ca-pretreated lichen showed much better performance than Eichhornia crassipes and pecan nut shell (Table 10 ). But Al-modified hydroxyapatite, coconut fiber dust, aluminum alginate beads, and rice husk ash showed much better performance than Ca-pretreated lichen.
Defluoridation from Field Sample
Twenty field samples were collected from the two fluoride affected villages of Khoyrasol Block, Birbhum district. The physico-chemical characterization of the collected water samples has been presented in Table 11 . The removal of fluoride from the samples of Sarsa and Tarapur was achieved by application Ca-pretreated lichen as 84.0 and 83.25 %, respectively. Defluoridation of samples of groundwater was conducted without adjusting pH of the experimental samples at the rate 6.0 g/L Ca-pretreated lichen under identical experimental conditions of the equilibrium batch adsorption study. Interestingly, fluoride concentration of two villages of Sarsa and Tarapur reduced to 0.86 and 0.79 mg/L, respectively, without adjusting pH and the fluoride level below WHO guideline value in drinking water [21] .
Conclusion
From the entire adsorption study, it has been found that the biomass of lichen showed fluoride removal about 94.50 % at higher pH 8. On the other hand, Ca-pretreated lichen showed much higher removal efficiency (97.83 %) at lower pH 6, but higher adsorbent dose, stirring rate, and contact time than pure lichen. The study result showed that lichen and Ca-pretreated lichen good agreement with D-R equation with very high goodness of fit. The nature of adsorption of fluoride on both lichen and Ca-pretreated biomass was physical adsorption as inferred from the Dubinin-Radushkevich (D-R) isotherm model. In case of Ca-pretreated lichen, experimental equilibrium data provided best fit with the Langmuir isotherm model, indicating monolayer sorption on a homogenous surface. The monolayer sorption capacity decreased with increase in temperature in the range 313-373 K. Tempkin isotherm also showed best fitted at all temperature range. The kinetic model indicates that lichen and Ca-pretreated lichen were good fitted with pseudo-second-order kinetic model with high correlation of coefficient value at lower temperature. Intra-particle diffusion was not the sole rate controlling factors for adsorption of fluoride by both lichen and Ca-pretreated lichen biomass. Thermodynamics study indicates that all the reaction is exothermic in nature that is why adsorption process is favorable at lower temperature range. The activation energy of the adsorption process (E a ) was found to be 13.406 and 32.89 kJ mol for lichen and Ca-pretreated lichen biomass, respectively. The present findings suggest that lichen biomass may be used as an inexpensive and effective adsorbent with Ca-pretreated lichen for the removal of fluoride from aqueous solutions.
